Spectral compression by self-phase modulation of amplitude-and phase-shaped pulses is demonstrated as superior compared to pulses that have only been phase shaped. We synthesize linearly negatively chirped parabolic pulses, which we send through a nonlinear photonic crystal fiber, in which self-phase modulation compresses the spectrum of the pulses to within 20% of the Fourier transform limit. © 2011 Optical Society of America OCIS codes: 060.4005, 060.5295, 060.4370, 320.5540. Spectral compression (SC) has been known of for a long time [1] [2] [3] and has since been reported for various parameters [4] [5] [6] [7] [8] . In this Letter, we will experimentally address the potential of generating transform-limited, spectrally compressed pulses from parabolic pulses. This possibility was raised in [9, 10] , where numerical and analytical evidence was presented. To this end, we amplitude and phase shape our laser pulses into negatively linearly chirped parabolic pulses; recent progress in pulse shaping has now rendered this possible [11, 12] . We will then expose them to self-phase modulation (SPM) in a highly nonlinear photonic crystal fiber (PCF), demonstrating that we can spectrally compress them to within 20% of the transform limit. The presented results could confer versatility to pulsed lasers and be of interest in the context of nonlinear vibrational microscopy where high spectral brightness is required, such as in CARS [13] or stimulated Raman scattering microscopy [14] . In [15] , a method similar to ours was used; in that work, parabolic pulses were also synthesized by amplitude shaping, albeit to achieve different ends, namely to control the nonlinear phase imposed by SPM in fiber-based chirped-pulse amplification systems. A parabolic pulse with negative chirp has a complex electric field envelope:
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A parabolic pulse with negative chirp has a complex electric field envelope:
where τ is the temporal FWHM of jEðtÞj 2 , α < 0 is the linear chirp parameter, and I 0 is the peak intensity. For simplicity, the carrier frequency is set to zero. In practice, EðtÞ is padded with Gaussian tails at the FWHM to avoid the (unphysical) kink in its derivative. When the negatively chirped pulse propagates in a PCF, SPM imposes a time-dependent phase on the pulse so that after a propagation length L:
Eðt; LÞ ¼ e −iγjEðt;0Þj 2 L Eðt; 0Þ; ð2Þ
where γ is the nonlinear coefficient of the PCF. It is seen that the instantaneous frequency
can be chosen to yield zero for all t, i.e., a transformlimited pulse for a suitable combination of γ, I 0 , L, and α < 0. Because, at the same time, the parabolic temporal envelope with FWHM τ remains unchanged; this expresses the fact that SC to the transform limit takes place.
The argument holds for all choices of parameters, so that as long as dispersion in the PCF can be ignored, parabolic pulses with negative chirp can be spectrally compressed to the transform limit. Furthermore, is it seen that the instantaneous frequency is always proportional to t, i.e., the chirp of the pulse is always linear. We emphasize that this hinges on the pulse being parabolic. For example, SC of a Gaussian pulse with EðtÞ ¼ ffiffiffiffi ffi I 0 p expð−2 ln 2t 2 =τ 2 þ iαt 2 Þ and α < 0 yields an instantaneous frequency of the spectrally compressed Gaussian pulse:
from which we see that a Gaussian pulse (and by extension any other nonparabolic pulse) with a negative linear chirp cannot be spectrally compressed to the transform limit because dϕ=dt cannot in general be made equal to zero for all t, except for special cases [7] that require the balancing of the (higher order) dispersion and chirp. The pulses from a SESAM-mode-locked, diodepumped ytterbium laser (Amplitude Systems t-Pulse, 50 MHz, 1035 nm, 160 fs) are sent through an acoustooptical modulator (AOM, QMODP040.680-B-43, AA Optoelectronics), which transmits 5 μs long pulse trains (175 pulses) at a rate of 25 kHz and has overall transmission of 70%. The pulse trains are sent through an acoustooptic pulse shaper (Dazzler, Fastlite) with transmission of 80% that is calibrated to a wavelength precision of 0:1 nm and operates at 25 kHz, locked to the AOM. Because the complete acoustic pulse is present in the crystal of the pulse shaper only for a certain period of the pulse shaper's cycle time, the AOM transmits only the pulses that are present during that particular period. The pulse shaper is used to offset the dispersion of all optical components in the beam path before the PCF, in addition to shaping the laser pulses into parabolic pulses. The shaped pulses are sent through a 1 m long PCF (hole diameter, 0:472 μm; pitch, 2.28; transmission, 50%) with an estimated [16] normal group velocity dispersion (GVD) of −10 ps=ðnm kmÞ at the laser wavelength. The GVD in the PCF was found to be of little importance, and the interaction in the PCF could thus be described purely by SPM. The spectrally compressed pulses exiting the PCF are characterized by a background-free autocorrelator and a spectrum analyzer (Ando AQ-6315A or Ocean Optics USB2000).
To create a negatively linearly chirped, parabolic pulse using the pulse shaper, we start by making an Ansatz E target ðtÞ for a parabolic complex field envelope with FWHM τ and chirp α, see Equation (1) 
and it is sent to the pulse shaper, which tailors the laser pulses according to E shaped ðωÞ ¼ HðωÞE laser ðωÞ. We emphasize that, because we are working with small chirps, we cannot use any approximate expressions for the parabolic pulse and that the above procedure must be used for all different combinations of α and τ. E shaped is then sent through the PCF, and, finally, I 0 is fine-tuned to yield the output pulse E SC with the most narrow spectrum; see Eq. (4). The narrowest possible spectrum of E SC foretold by theory, i.e., the transform limited compressed spectrum, is found by the Fourier transform of its temporal envelope, as jE FTL ðωÞj 2 ¼ jF ½jE target ðtÞjj 2 , keeping in mind that SPM in the PCF does not change the temporal envelope of E target .
In Fig. 1 , we compare the normalized experimental compressed spectra with the transform limit. The intensity autocorrelations of the spectrally compressed pulse E SC in each case [ Figs. 1(a), 1(c) , and 1(e)] yields that E SC after the PCF has the same duration as E target before the PCF, in line with our previous statements. See the figure for numerical details. For reference, we first present the results of SC for phase shaping only; amplitude shaping was not applied, i.e., the laser pulses retained their Gaussian shape. The pulses were negatively chirped to a duration FWHM of τ ¼ 1500 fs, corresponding to α ¼ −5:6 × 10 −6 fs −2 . Figure 1(b) shows the PCF input spectrum, in this case equal to the jE laser ðωÞj 2 along with jE SC ðωÞj 2 whose spectral width FWHM is 3.9 times less than that of jE laser ðωÞj 2 . Broad wings are seen on both sides of the main peak of jE SC ðωÞj 2 , indicating that SC to the transform limit does not take place, which is also apparent from the large discrepancy with jE FTL ðωÞj 2 . And, indeed, we find a time-bandwidth product of 1.04, or 2.4 times the transform limit for a Gaussian pulse (0.441). , and E pulse ¼ 5:8 nJ. Upper panel: solid curve, intensity autocorrelations of the spectrally compressed pulses E SC displaying autocorrelation FWHMs Δt AC and corresponding pulse FWHMs τ. Lower panel: dashed curve, laser spectra jE laser ðωÞj 2 ; thin solid curve, shaped spectra jE shaped ðωÞj 2 ; dashed-dotted curve, target spectra jE target ðωÞj 2 ; thick solid curve, spectrally compressed spectra jE SC ðωÞj 2 ; and thick gray curve, calculated transform-limited spectra jE FTL ðωÞj 2 . Note that the intensities are normalized and on a logarithmic scale.
We now proceed to present SC of a parabolic pulse with a duration similar to the previously described Gaussian, τ ¼ 1500 fs and α ¼ −5 × 10 −6 fs −2 . Figure 1( 2 . In addition, the large wings present in the Gaussian case [ Fig. 1(b) ] are absent. Thus, although the compressed spectral width is approximately equal to that for the aforementioned Gaussian case, the SC is much more "clean," as expected. The time-bandwidth product is 0.83, which is 1.25 times the time-bandwidth product of a transform-limited parabolic pulse (0.66) and is thus a significant improvement compared to the Gaussian case, which establishes the advantage of amplitude-and phase-shaped pulses for SC as opposed to pulses that have only been phase shaped.
Next, we highlight the fact that in SC of parabolic pulses, the time-bandwidth product stays almost constant versus chirp. To this end we present in Fig. 1(f has spectral width FWHM 1.17 times that of jE FTL ðωÞj 2 . We find a time-bandwidth product of 0.775, or 1.17 times that of a transform-limited parabolic pulse. We note that this is almost the same as was obtained for the previous case with τ ¼ 1500 fs; this supports the claim that the time-bandwidth product stays constant with chirp, unlike for Gaussian pulses, for which the time-bandwidth product increases with chirp [4] , even for optimal conditions. Again we note the absence of wings on the low-and high-frequency sides of the compressed spectrum compared to the Gaussian case.
A possible explanation of why we do not observe SC of the parabolic pulses all the way down to the transform limit could be the resolution of our spectrometer, stated at 0:1 nm. Another reason could be the influence of dispersion in the PCF. Judging from the autocorrelations, however, the GVD and higher order dispersions are minor effects. We note, however, that the impact of dispersion can, in principle, always be negated by increasing the chirp, provided γI 0 L can be made large enough to still facilitate SC. We deem it more likely that the deviation from the transform limit is for the most part caused by imperfections in the amplitude shaping. The amplitude measurement of jE laser ðωÞj 2 is uncertain because it is an absolute, nonreferenced measurement. We note that the SC factors reported here, up to 8.7 for a 2500 fs long parabolic pulse do not represent a fundamental limit of the method. Rather, in the present study, the limit was technical in that the pulse shaper was not able to impose larger chirps onto the laser pulses.
We have demonstrated that SC of parabolic pulses results in compression of the pulse spectrum to within 20% of the transform limit, in effect converting chirp-free femtosecond pulses to chirp-free picosecond pulses with high efficiency. In addition, we did not observe a deterioration in the time-bandwidth product of the spectrally compressed pulse with larger initial chirps, indicating that the method can be scaled to larger SC factors. An interesting prospect could be to combine the present method of SC with the parabolic output of self-similar fiber lasers [17] and self-similar amplifiers [18] , in which case though, due to the parabolic spectrum, SC to the transform limit can only take place for large compression factors.
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